Background. It remains controversial as to whether electrical activation during ventricular fibrillation (VF) is organized. To detect the presence of organization in VF, the direction of epicardial activation (EA) at multiple sites was examined by using vector mapping. If VF is not a random process, EA direction at a given site should be related to adjacent sites and prior beats.
Spatial and Temporal Linking of Epicardial Activation Directions During Ventricular Fibrillation in Dogs
Evidence for Underlying Organization
Background. It remains controversial as to whether electrical activation during ventricular fibrillation (VF) is organized. To detect the presence of organization in VF, the direction of epicardial activation (EA) at multiple sites was examined by using vector mapping. If VF is not a random process, EA direction at a given site should be related to adjacent sites and prior beats.
Methods and Results. Thirteen dogs with healing myocardial infarction (MI) and four dogs without MI had VF induced by programmed stimulation. Using a plaque electrode array with a 2.5-mm interelectrode distance, 91 vector loops were created for each "beat" of VF. Direction of maximum EA was determined at each site for the first 10 consecutive beats of VF and for 10 consecutive beats recorded 5 seconds after VF was established. Spatial and temporal linking of EA directions was evaluated by the ability of activation direction at a given site to be predicted by activation directions at eight adjacent sites for the index beat and at eight adjacent sites and the site of interest for the preceding beat using stepwise linear regression. The strength of the model as reflected by the correlation coefficient (r) indicated the degree of linking. We determined 1) changes in the degree of linking over time during a given episode of VF (using a paired-difference t test), 2) differences in the degree of linking between the anterior and posterolateral wails in animals with (n=4) and without (n=4) MI (using two-way ANOVA), and 3) the effect of repeated inductions (n=10) on the degree of linking (using one-way ANOVA with repeated measures). During 57 episodes of VF, r for each model ranged fom 0.64 to 0.88 during the transition to VF to 0.39-0.78 during established VF (p<O0.0001 for the difference). The presence ofMI, the site of recording, and repeated inductions did not affect the degree oflinking. For each episode, spatial linking was more prominent than temporal linking.
Conclusions. Electrical activation during VF is organized. The degree of linking of EA directions during VF is not affected by the presence of MI, the site of recording, or repeated inductions of VF. During the first 5 seconds of VF, the degree of linking decreases. (Circulation 1992; 86:1547 -1558 KEY WoRDs * arrhythmia * electrophysiology * sudden cardiac death V entricular fibrillation (VF) has been described as a disorganized rhythm.1-3 However, more recent work using extensive epicardial and threedimensional mapping techniques has suggested that activation during VF has an underlying organization. [4] [5] [6] [7] [8] These studies, which have been based on activation time mapping techniques, have been limited because of occasional difficulties in assigning activation times to poorly defined electrograms seen during VF. As a result, some of these investigators have limited their analyses to the transition period to VF, during which time epicardial electrograms are more discrete and therefore activation times more easily assigned. Although some studies have mum x,y deflection of a vector loop corresponds very closely with the direction of activation as determined by standard isochronal mapping techniques. This has been demonstrated in the canine infarct model during sinus rhythm, ventricular pacing, and ventricular tachycardia16,17; therefore, vector mapping allows for accurate determination of direction of activation. In situations in which local electrograms are poorly defined or fragmented and there is difficulty assigning activation times, the use of vectors may allow for more accurate determination of the direction of impulse propagation at that site at various points in time.
In this study, vector mapping was used to analyze epicardial activation directions in an attempt to detect and quantify underlying organization during VF in an infarct model. The hypothesis of our investigation was that activation during VF is not random. We defined "randomness" as the absence of a relation between activation directions at adjacent sites in the heart and during different cycles of VF. To demonstrate the 4'nonrandomness" or organization of VF, activation directions at adjacent sites in the heart and during different cycles of VF were shown to be related to each other. We used regression analysis to evaluate for the presence of predictable relations and to quantify the degree of organization. A linear regression model was chosen because of its simplicity. The presence of a predictable relation between activation directions at adjacent sites during a given beat of VF (or "spatial linking") indicates that myocardial activation is proceeding as a wave front rather than as a random localized event. Similarly, the presence of a predictable relation between activation directions during consecutive beats of VF (or "temporal linking") indicates that myocardial activation is occurring in a repetitive, organized fashion. Episodes of VF were analyzed both at the onset of fibrillation as well as after fibrillation was established for 5 seconds in order to determine whether there was a change in the degree of linking over time. Animals with and without infarction were studied to evaluate for differences in the degree of organization of VF between normal hearts and hearts with infarcted tissue. Finally, changes in the degree of organization with multiple inductions of VF were assessed.
Methods

Animal Preparation
Seventeen adult mongrel dogs weighing 10-25 kg were used in this study. Experimental myocardial infarction was produced in 13 of these dogs. The animals were anesthetized with acetyl promazine 0.5 mg/kg i.v. and thiopental 2 ml/kg, intubated, and mechanically ventilated. Anesthesia was maintained with 1-1.5% halothane. The chest was opened by a left lateral thoracotomy in the fifth intercostal space. The pericardium was incised to expose the surface of the heart, which was suspended in a pericardial sling. The left anterior descending coronary artery was isolated at a point just proximal to the first major diagonal branch and ligated using a two-step occlusion procedure as previously described in order to create myocardial infarction. 18, 19 The chest was closed in three layers, and any pneumothorax was evacuated through a thoracostomy tube. Postoperatively, the animals were monitored for 3-6 hours. They were treated with prophylactic antibiotics (cephalothin 30 mg/kg i.m. or p.o.) to prevent infection and buprenorphine hydrochloride 0.01-0.02 mg/kg s.c. as needed for pain.
Electrophysiological Study and Mapping Protocol
Five to 7 days after creation of myocardial infarction, the 13 animals with infarction underwent electrophysiological and epicardial mapping studies. Four control animals were also studied. The animals were anesthetized with sodium pentobarbital 30 mg/kg i.v., intubated, and mechanically ventilated. Blood pressure was monitored continuously by a carotid arterial line and displayed along with standard ECG limb leads on a multichannel amplifier system (Gould ES1000, Gould, Cleveland, Ohio). The chest was opened by a median sternotomy, and the heart again was exposed and suspended in a pericardial sling. Bipolar electrodes used for ventricular pacing and programmed stimulation were sutured to the epicardium of the right and left ventricles. A hand-held plaque electrode array containing 112 unipolar recording electrodes arranged in a rectangular configuration (8 x 14) with 2.5 -mm interelectrode spacing (Bard Inc., Billerica, Mass.) was placed on the epicardial surface of the anterior left ventricular free wall with the long axis of the plaque parallel to the left anterior descending artery. The 112 unipolar signals as well as the standard surface ECG limb leads were acquired and stored continuously in digitized form on videotape using a cardiac mapping system (Map Tech, Maastricht, The Netherlands) consisting of a 256-channel amplifier and preprocessor, a mapping processor unit, and custom-designed software that was run on a Dell Compac computer system (Dell Computer, Dallas, Tex.). The stored signals were later processed off line to create vector loops.
Ventricular stimulation was performed using rectangular pulses of 2-msec duration at twice diastolic threshold delivered by a programmable stimulator (Bloom Associates, Reading, Pa.). In all dogs, an initial attempt was made to induce VF using standard programmed electrical stimulation techniques. After an eight-beat drive train at a cycle length of 280-300 msec, up to four premature stimuli were delivered from the left ventricular pacing site. If VF was not induced from this site, programmed stimulation then was repeated from the right ventricular pacing site. If this was unsuccessful, then VF was induced with rapid ventricular pacing at four to five times diastolic threshold with a paced cycle length as low as 100 msec.
After induction of VF, electrograms were recorded for a period of 10 seconds. The recordings were then stopped, and the animal was defibrillated using epicardial DC shock(s) beginning at 10 J and increasing the energy as needed to achieve defibrillation. The first nine animals with infarction (dogs 1-9) each had several episodes of VF induced with recordings from the anterior wall, although only the first episode of VF in which adequate electrograms were recorded was subsequently analyzed (see "Results"). The remaining four animals with infarction (dogs 10-13) each underwent two inductions of VF using the same stimulation protocol. However, for the second induction, electrograms were recorded from the posterolateral left ventricular free wall with the short axis of the plaque parallel to the left circumflex artery. In the case of lateral wall recordings (as opposed to anterior wall recordings), the electrograms were obtained in the region of healthy muscle that had not undergone infarction (as determined by visual inspection).
The four control animals without infarction (dogs 14-17) each underwent 10 separate inductions of VF using the protocol described above. After each episode of VF and subsequent defibrillation, the animal was observed for 10 
Data Analysis
The hypothesis of our investigation was that activation during VF is not random and that the direction of activation at a given site is related to activation directions at adjacent sites and during prior beats. For each episode of VF, a multivariate linear regression model was created in which the direction of activation at a given site during a given beat is predicted by the activation directions at adjacent sites for the current as well as preceding beat of VF as shown in Figure 2 . 21, 22 The presence of a significant model would indicate that activation is in fact predictable and not random. In addition, the strength of the model as reflected by the correlation coefficient would indicate the degree of predictability or organization. For each window of VF analyzed, only vector sites with a full set of eight surrounding vector sites (or spatial predictors) served as dependent variables for the regression model. As a result, sites on the periphery of the recording plaque could not serve as dependent variables (although every site was used as a predictor or independent variable). Thus, for a given beat of VF, there were 55 sites used as dependent variables or sites of interest in the regression analysis. Similarly, only nine of the 10 beats analyzed during a given window of V-F had a corresponding preceding beat with temporal predictors. Therefore, for each regression model, there was a total of 495 sets of data points used in the analysis (55 data sets for each of nine beats). As discussed further in "Results," there were three experiments in which fewer than 55 sites for each beat were used as dependent variables in the regression model because of the presence of electrogram dropout from small areas of the recording plaque.
A problem encountered with the use of vector directions as predictors in a linear regression model was that the values for the angles in fact lie on a circle rather than a straight line. This is shown in Figure 3 , where two hypothetical vectors with very similar directions appear to be very different when represented by a single number between +180 and -180. However, when expressed as cartesian coordinates, the two angles are quite similar. Any numerical range of values that is chosen to express the values for the angles (for example, between 0 and 360) will result in this problem occurring at the extremes of the range. The ideal statistical method for performing a regression analysis on vector directions would therefore involve the use of a model that analyzes directional data. However, an extensive review of the literature using mathematical reviews failed to reveal a scientifically validated regression method that analyzes data in this fashion. A regression method for predicting angular data using linear data as the predictor variable has been developed. 23 The preliminary theoretical work for a regression method that allows prediction of angular data using other angular data as the predictor variable has been done, but at this time, the actual methodology for practical application of a vector regression method is not available. 1-8 in Figure 2) ; c(l) equals temporal regression coefficient for each site 1 (sites OP-8P in Figure 2) ; Y(i,j) equals the angle at each site j during each beat i (beat N in Figure 2 ); X(k,i,j) equals the coordinate at the neighboring site k to site j during beat i (beat N in Figure 2 ); and P(l,i,j) equals the coordinate at the neighboring site 1 to site j during beat i-1 (beat N-1 in Figure 2 ). Using the methods described above, a pair of multiple correlation coefficients were calculated for each of the two windows (transition to VF and established VF) for each episode of VF analyzed. Organization of activation for a given episode of VF was considered to be present if both the x and y regression models were statistically significant (p<0.05 for the multiple correlation coefficients). It was discovered during the analysis that the pair of correlation coefficients describing activation in the x and y directions for a given window were consistently within 0.10 (mean difference, 0.04); therefore, it was decided for simplicity to express each window in terms of a single correlation coefficient that was an average of the two coefficients. A further analysis of the episodes of VF required comparison of the multiple correlation coefficients. Because ). The total infarct area was expressed as a percentage of the total area of myocardium. The percent transmurality of infarction in the region under the recording plaque was determined by tracing the infarcted and normal areas of the portion of the myocardium that was below the recording plaque in each photographed slice and expressing the total traced infarcted area as a percentage of the total traced area.
Results
Organization of Epicardial Activation
Eighty-seven episodes of VF in 17 animals were induced. In all 40 episodes recorded from animals without infarction, electrograms could be seen during VF at each electrode site on the recording plaque. In addition, in the four animals with infarction in which lateral wall recordings were obtained, there were electrograms seen at all sites from the lateral wall recordings. However, during several episodes of VF in animals with infarction, localized regions of epicardium over the anterior wall did not have electrical activity above the noise level. These regions of electrogram dropout were all activated normally during sinus rhythm, suggesting the development of functional conduction block in infarcted regions during VF. Of 43 episodes of VF in animals with infarction in which anterior wall recordings were obtained, electrogram dropout was seen in 15 episodes (35%). Furthermore, this phenomenon occurred in only five of the animals with infarction. Because the analysis used to determine organization was dependent on the evaluation of vectors of activation at multiple sites, experiments could not be evaluated in which there was significant electrogram dropout resulting in the inability to create vector loops at multiple sites (defined as .25% of the total number of sites). As a result, in four of the animals with infarction, the first episode of VF induced with anterior wall recordings could not be evaluated. In addition, in three experiments that were analyzed for organization (discussed below), there remained a small degree of dropout requiring modification of the data analysis. Figures 4-7 show an example of the induction of one episode of VF and its analysis. For illustrative purposes only, univariate analyses are described below, although for the statistical analyses only multivariate models were used. In Figure 4 , an example of VF induced by programmed stimulation is shown. The initial 2 seconds of VF were subsequently analyzed as the transition to VF window, and the 2-second period after 5 seconds of VF was analyzed as the established VF window. After assigning these windows, the individual beats of VF for that window were determined by scanning through the unipolar epicardial electrograms for that episode. In Figure 5 , two of the epicardial electrograms during the transition to VF for the episode shown in Figure 4 have been magnified and the individual beats have been assigned a number from 1 to 10. As can be seen in this example, the electrograms during VF are typically not as discrete as those seen during supraventricular rhythms or ventricular tachycardia. However, it was still Torrance, Calif.) and manually tracing the infarcted and possible to separate the electrograms into individual beats. Figure 6 demonstrates the creation of vector loops. Two orthogonal pairs of unipolar electrograms and the corresponding vector loop are shown for three different sites. In Figure 6A , the unipolar electrograms used to create the vector loop for a given site of interest as well as the vector loop itself are displayed. The angle of the maximum component of this vector loop (+6°) represents the major local direction of electrical activation. Using the equations described in "Methods," the x and y components of this angle were determined to be 0.995 and 0.105. In Figure 6B , the unipolar electrograms and corresponding vector loop for a site adjacent to the site of interest represented in Figure 6A In Figures 7 and 8 , univariate regression models corresponding to the data shown in Figure 6 are displayed. In Figure 7A , the correlation between the x component of the maximum vector at each site of interest (55 sites during nine consecutive beats during the transition to VF) and the x component of the maximum vector at a single adjacent site (the site represented in Figure 6B ) is shown. The same correlation for the y components of the maximum vectors at these sites is shown in Figure 7B . The values for the correlation coefficients are the same for both the x and y regression models. In Figures 8A and 8B , the correlations between each site of interest and a single adjacent site during the preceding beat (the site represented in Figure 6C ) are displayed. Again, the values for the correlation coefficients are very similar for both the x and y regression models. These graphs show significant linear relations between the site of interest and an adjacent site for the same beat as well as between the site of interest and an adjacent site for the preceding beat, indicating the presence of both spatial and temporal linking of epicardial activation directions. However, the value for the correlation coefficient was smaller for the model in which the predictor variable was an adjacent site during the preceding beat, indicat- Figure 9 . This figure shows that the sites located closest to the site of interest (a distance of 2.5 mm) as opposed to the sites located further away (a distance of 3.5 mm) were the most frequent predictors. There was no difference in the frequency with which sites located parallel to the long axis of normal Figure 10 , the frequency distribution of the individual vector directions did suggest that there was a tendency for the vectors to be oriented parallel to the long axis of fibers both in infarcted and noninfarcted areas.
When multivariate regression analysis was performed using only spatial predictors, the mean value of the correlation coefficients for 20% of the total plaque area in each animal) at which no distinct electrograms were seen despite ongoing activation at adjacent sites. As a result, vector loops could not be created for these sites and the sites could not be included as either dependent or independent variables in the regression models. Therefore, the analysis for organization was performed as in the other experiments but with a smaller number of complete sets of data points (that is, there were fewer than 55 sites of interest that could be analyzed for each beat of VF).
The correlation coefficients for the episodes of VF induced in these animals were 0.67, 0.74, and 0.75 for Figure 11 . By one-way ANOVA with repeated measures, there was no significant change in the extent of organization with repeated inductions (p=0.87 for the transition to VF andp=0.62 for the window after 5 seconds of VF). This finding of no effect of repeated inductions on the degree of organization verified the stability of our model and allowed us to perform other analyses using data from separate episodes of VF in the same animal without having to consider repeat inductions as a confounding variable.
Effects of Infarction and Recording Site
Four dogs with infarction (dogs 10-13) and four dogs without infarction (dogs 14-17) were subjected to separate inductions of VF with electrograms during the first episode recorded from the anterior wall and during the second episode from the posterolateral wall. There were no significant differences between recordings from the anterior and lateral walls or between animals with and without infarction. During the transition to VF, the mean values for the correlation coefficients were 0.73±0.06 for the anterior wall and 0.72+0.05 for the lateral wall; during established VF, the mean values were 0.56+0.08 for the anterior wall and 0.51±0.09 for the lateral wall. The mean values for the correlation coefficients during the transition to VF were 0.71±0.05 in animals with infarction and 0.75+±0.07 in animals without infarction; the mean values during established VF were 0.53+±0.06 in animals with infarction and 0.53+±0.10 in animals without infarction. By two-way ANOVA, neither the presence of infarction nor the site from which the electrograms were recorded were found to affect the degree of organization (p>0.15 for the effect of infarction, the effect of recording site, or an interaction).
Pathological Studies
Pathological data were available from the nine dogs with infarction in which electrograms were recorded from only the anterior wall. The mean infarct size in these animals (expressed as a percentage of the total left ventricular myocardium) was 19.4±6.2%. By linear regression analysis, there was no significant correlation between infarct size and the degree of organization (p=0.23 for the transition to VF andp=0.61 for established VF). The mean percent transmurality of infarction in the region under the recording plaque was 77±16%. By linear regression analysis, there was no significant correlation between the percent transmurality of infarction and the degree of organization (p=0.22 for the transition to VF andp=0.55 for established VF).
Discussion
Major Findings
The major finding of this study is that epicardial activation during VF in a canine model of healing infarction is not random. We have shown that the direction of activation at a given site during a given beat is associated with, in a predictable fashion, the activation directions at adjacent sites for the current as well as preceding beat of VF. Furthermore, our results show that there is both spatial and temporal linking of activation and that the strength of spatial linking is relatively greater. The organization that was observed is present over at least a few millimeters, although the presence or absence of organization over larger areas was not determined by our study. There is a decrease in linking over the first 5 seconds of VF as determined by a linear regression model, although there is still a significant degree of underlying organization. The extent of linking of epicardial activation does not change significantly over repeated inductions of VF and is similar over the anterior and lateral walls. Finally, there does not appear to be a correlation between the degree of electrical organization of VF as determined by a linear model and the presence or extent of infarction. However, in animals with infarction, functional conduction block may occur during VF over infarcted regions of the myocardium.
Previous Work
Previous studies using activation time mapping techniques have suggested that the transition to VF involves organized reentrant circuits. Ideker and coworkers4 studied the transition to VF in open-chest dogs subjected to reperfusion after a period of acute ischemia. In that study, electrograms were recorded from multiple sites over the epicardial surface of the right and left ventricles. The investigators were able to show that during the initial 1.5-2.5 seconds of VF, epicardial activation occurred in organized, rapidly repeating sequences even though the surface ECG appeared disorganized. Chen activation in open-chest dogs during the onset of VF after single premature stimulation. They were able to demonstrate that the onset of VF was characterized by figure-of-eight reentry. Pogwizd and Corr7 extended these observations in a feline model in which acute ischemia caused ventricular tachycardia degenerating into VF. Using three-dimensional computerized mapping techniques, they were able to show that the transition to VF was due to multiple intramural reentrant circuits. The major limitation of these studies is that they addressed only the transition to VF, in part because of the difficulty with assigning activation times as electrograms degenerate during the persistence of VF.
Chen and colleagues8 extended their observations regarding transmural activation in open-chest dogs (after VF induction by single premature stimulation) to periods of up to 20 seconds after the onset of VF. Using a plunge electrode array with an interelectrode distance of 1.0 mm, they were able to construct isochronal maps for 20 seconds after the onset of VF and were able to demonstrate persistence of "coherent activation fronts with dimensions and path lengths of several centimeters" during this time period.8 In addition, they demonstrated that some degree of reproducibility exists between activation patterns from beat to beat. In that study, activation was assessed over a portion of the right ventricular outflow tract in an animal without infarction. Also, the degree of organization or changes in the degree of organization were not quantified.
Witkowski and Penkoske9 attempted to mathematically describe the organization of epicardial activation using nonlinear dynamics. In their experiments, VF was induced by burst ventricular pacing in open-chest, healthy dogs, and unipolar electrograms were recorded for a period of up to 20 seconds from the epicardial surface. Using phase-plane plots and state-space diagrams, they were unable to demonstrate that VF behaved in a deterministic fashion. Kaplan and Cohen,1' using dimensionality analysis of fibrillatory ECG waveforms, were unable to demonstrate the presence of a low-dimensional attractor and concluded that VF is a disordered process indistinguishable from a nonchaotic random signal. However, these authors as well as others have also observed that VF is associated with a narrowband power spectrum.1-'3 This finding has been interpreted by Goldberger and colleagues12 as evidence that while VF is not deterministic or chaotic, it is in fact orderly. Thus, the application of nonlinear dynamics to the study of VF has resulted in conflicting answers to the question of whether or not VF is random. In addition, these studies were limited in that they were not designed, largely because of practical considerations, to determine whether or not VF can be explained in terms of a high-dimensional system."
Ropella and coworkers14'1used the coherence spectrum as a means of studying fibrillatory rhythms including VF. In these studies, bipolar electrograms were recorded from two endocardial sites during VF. Subsequently, the electrograms were analyzed for coherence by use of the magnitude-squared coherence function. These investigators found that in contrast to nonfibrillatory rhythms, electrograms during VF exhibited little coherence. A limitation of these studies is that they did not exclude the presence of local regions of organized squared coherence would be expected to be low if VF were due to multiple reentrant circuits.
The "vortex" or "spiral wave" theory of VF that has been advanced by multiple investigators suggests that VF is due to the spiraling of a reentrant wave front of activation in three dimensions. 26, 27 This theory suggests that VF does have an underlying organization that is characterized by multiple wave fronts of activation initiated by a single reentrant vortex. The hypothesis has been supported by computer models as well as by experiments in isolated tissue preparations. However, experimental data from in vivo studies is not yet available to support this theory.
Present Study
In the present investigation, we were able to overcome some of the difficulties described above and have extended previous observations. By using the vector method, we could determine activation directions despite the presence of poorly defined and fragmented local electrograms. In addition, by recording at multiple sites, we could demonstrate the presence of regional organization of activation. Because it appears that there are multiple wave fronts of activation during VF, it is possible that at some sites during some beats, linking as defined in this study is not present. However, our method allowed us to determine the overall average behavior of electrical activity during VF, thereby providing insight into its physiological nature. Our study confirms previous work that the onset of VF is characterized by organized wave fronts of activation. In addition, we have confirmed that this organization persists during sustained VF. By using a quantitative approach, we have shown that the degree of linking as defined by a linear model appears to decrease over the first 5 seconds of VF. Finally, we have also demonstrated that VF exhibits organization over areas of both healthy and infarcted tissue, an observation not previously made.
We consistently noted that the single most powerful predictor in each regression model was an adjacent activation direction during the same beat. In addition, the number of significant spatial predictors in the regression models was greater than the number of temporal predictors. Finally, by performing regression analysis of the individual episodes of VF using only the spatial predictors or only the temporal predictors in the model, we verified that the strength of the individual models was significantly greater when considering the spatial predictors. In other words, spatial linking was more prominent than temporal linking. These findings suggest that organized activation fronts exist during VF and that the pathways of the individual activation fronts vary from beat to beat, although consecutive beats are weakly related to each other. This is also consistent with the vortex theory of VF that suggests that activation during VF is similar to a reentrant vortex whose center moves from beat to beat and whose period and shape are continuously changing.26,27 The size of the individual activation fronts cannot be determined from our data. However, they must be at least 2.5 mm in size, given that this was the minimum distance between individual sites that were shown in the study to be linked.
Analysis of the frequency with which individual sites were found to be significant predictors in the individual regression models revealed that sites located closest to activation. In fact. the authors note that the magnitude-the site of interest were the most frequent predictors ( Figure 9 ). Given that VF most likely involves multiple reentrant circuits and wave fronts of activation, it is not surprising that the degree of spatial linking is greater for closer sites. This finding also suggests that areas of organization as defined in our study are relatively small in size (that is, a few millimeters). However, because we did not determine whether linking is present at distances greater than 3.5 mm, which was the greatest distance between two sites in our model, we cannot definitively exclude the presence of organization over larger areas of the epicardium. In addition, it is possible that a different model (as opposed to a simple linear model) would have shown that linking is just as prominent at 3.5 mm as at 2.5 mm. Our finding of a decrease in spatial linking with greater distances does provide an explanation for the differences between our findings and those of Ropella et al.14'15 The large distance between recording electrodes in their study may partly explain why they failed to detect organization using coherence analysis.
We did not find that sites located parallel to the long axis of normal myocardial fiber orientation were more likely to be significant predictors compared with sites located perpendicular to the long axis of fiber orientation. However, the frequency distribution of the individual vector directions did suggest that there was a tendency for the vectors to be oriented parallel to the long axis of fibers both in infarcted and noninfarcted areas. This latter finding suggests but does not show conclusively that orientation of myocardial fibers affects activation during VF. During repeated inductions of VF, there was no apparent change in the degree of organization. It is likely that the brief duration of induced VF episodes as well as our allowance of 10 minutes between inductions resulted in the resolution of ischemia and metabolic disturbances before each episode of VF. As a result, each episode occurred in the same metabolic milieu and therefore differences would not necessarily be expected.
We did not find a significant effect of underlying infarction on the degree of organization. There was no effect of the presence or absence of infarction or the extent of infarction on the degree of organization. This is somewhat surprising because it might have been predicted that in the presence of a transmural infarction, there would be only a thin layer of surviving cells, leading to greater dispersion and irregularity of activation wave fronts as they enter this region. On the other hand, during 35% of the episodes of VF in animals with infarction, it was observed that there was absence of electrical activation over small areas of the anterior wall, although these areas were activated normally during sinus rhythm and ventricular pacing. This finding is most likely due to the presence of functional conduction block in these areas caused by the underlying infarction. In support of this hypothesis is the observation that electrogram dropout was not seen in animals without infarction or in recordings made from the noninfarcted posterolateral wall in animals with infarction. In addition, this phenomenon was seen in only five of the 13 animals with infarction, suggesting that its occurrence may be related to the underlying infarct portant in the development or maintenance of VF cannot be determined from our data.
Limitations
There are several limitations that must be considered in interpreting our findings. One major limitation relates to the statistical analysis of directional data. Given the absence of a scientifically validated vector regression method, we were forced to use standard linear regression methods and break down each regression problem into two separate models, one concerned with the "x" direction and the other concerned with the "y" direction. Our finding that separation of the problem into two equations consistently yielded a pair of regression coefficients with similar values (within 0.10 of each other) made interpretation of the data more straightforward; however, a better method still would have been one that allowed us to perform regression in terms of a single equation or model.
A second limitation is that we did not consider models other than a simple linear model in attempting to define the underlying organization of VF. It is possible that a more complex model would also have shown underlying organization and that in addition, such a model would have detected differences between recordings from different sites or in the presence of infarction or during repeated inductions of VF. In addition, a different model may not have detected an apparent change in linking over time. This limitation does not, however, invalidate our conclusion that VF is organized and does not invalidate our conclusions regarding the changes in the degree of linking based on a linear model.
The density of epicardial recordings in our study represents another potential limitation. The interelectrode distance of our recording plaque was 2.5 mm; thus, we cannot comment about activation on a more localized level. In addition, we did not use instantaneous vectors in our analysis. Kadish and coworkers17 have shown that the instantaneous vectors that comprise a vector loop (that is, the vectors at given points in time rather than the maximum vector that describes activation over a complete cycle) accurately represent local directions of activation at differing times. In situations in which multidirectional loops are present, such as in the presence of "'split potentials," the maximum vector technique fails to reflect the fact that there may be more than one important direction of activation (for example, as may be seen in the case of conduction block).'7 By not using instantaneous vectors, the details of activation within localized areas were not considered in the present study. However, this limitation does not significantly alter our findings because the majority of the vector loops (>95%) had one predominant component.
Failure to evaluate activation in three dimensions is another limitation of our study. However, the significance of this limitation in the canine infarct model may be lessened by the fact that the infarction is typically associated with a thin surviving subepicardial layer that may change activation to a two-dimensional phenomenon. 28 A final limitation is that we did not extend our analysis beyond the initial 6-7 seconds of VF. 
